Abstract. Large amount of clean energy resources are always far away from the load center in China. The integration and long distance transmission of these clean energy is hot research topic. One of the proposed solutions is 'Binded wind and thermal power for LCC HVDC transmission'. However, the coal resources are not large enough to compensate the fluctuation of wind power in some areas. Thus, more flexible HVDC transmission solution for large scale islanded onshore wind power is needed. VSC HVDC transmission solution becomes attractive solution due to its operation flexibility. Considering the technology development of VSC HVDC system and specific characteristics of islanded wind power system, the main technical challenges and corresponding solutions for VSC HVDC transmission systems are discussed and analyzed based on the state-of-art of the engineering and related researches. With the technology development, the VSC HVDC system will be a promise solution for large scale onshore islanded wind power transmission in the future.
Introduction

Background
To solve global environmental problems such as the greenhouse effect, all countries in the world are actively promoting the use of clean energy, e.g. wind and solar power etc. China has planned eight onshore wind power bases (10 GW levels) and has been developed in succession. Some of bases are far away from the load center. How to realize the long distance transmission of these fluctuating powers is an urgent problem to be solved.
Due to the power loss and stability issues of the AC system, its transmission capacity and distance are limited. HVDC technology is one of attractive solutions for large capacity long distance wind power transmission. To solve the stability issue of power system caused by the wind power variation, some researchers have proposed to bind wind and thermal power together and transmit by LCC HVDC system [1] . However, due to the limitation of geographical environment and resource, it may be difficult to build large thermal power bases that can match the wind power capacity close to the wind power bases. Therefore, the development of a more flexible transmission solution for large scale islanded onshore wind power is needed. VSC HVDC transmission solution becomes an attractive solution due to its operation flexibility. This paper will discuss and analyze the main technical challenges and corresponding solutions of VSC HVDC system for transmitting large scale islanded onshore wind power.
In this section, the study background and studied system configuration are introduced. The main technical challenges faced by VSC HVDC transmission are reviewed in section 2. Regarding these challenges, section 3 presents the existed solutions, as well as ongoing related research and development. Finally, section 4 gives the conclusion.
Studied System
This paper will investigate the transmission of island onshore wind power by a 8 GW, ± 800 kV bipolar VSC HVDC system. Considering the fluctuation of the wind power, it is assumed that the installed capacity of this large islanded onshore wind farm clusters is 12.5 GW. The transmission line is an overhead line with a transmission distance of 2,000 km. The system configuration is shown in Figure 1 . With the evolution of VSC HVDC technology, the topology of Modular Multi-level Converter (MCC) is now widely used. The VSC HVDC technology studied in this paper will be based on the topology of the popularly used half-bridge MMC. The main technical challenges and corresponding solutions for large scale islanded onshore wind power transmission via VSC HVDC system are discussed below.
The Main Challenges for Large Scale Islanded Onshore Wind Power Transmission via VSC HVDC System
High Rated Current of IGBT
In the early development stage of the VSC HVDC technology, limited by the maximum current of IGBTs, the transmitted power of VSC HVDC system is less than that of LCC HVDC system. However, with the continuous development, the rated voltage and power of the VSC HVDC system are increased and approaching the LCC HVDC system. The VSC HVDC projects with the highest rated voltage and power in the world are emerging in China. In Wudongde hybrid multi-terminal HVDC system, which has been constructed since March 2018, the receiving end in Guangdong is a VSC HVDC of ± 800 kV and 5 GW that is based on MMC topology. It is the highest rated voltage and power of VSC HVDC in the world.
For the studied 8 GW, ± 800 kV VSC HVDC system in this paper, the rated current is 5000 A according to its rated power and voltage. Comparing with the Wudongde project, the required maximum current of IGBT is even higher. This is a big challenge for the existing IGBT technology.
High Voltage Ride through (HVRT) of Wind Turbine Generators (WTG)
The second main challenges for the large scale islanded onshore wind power transmission via VSC HVDC system is HVRT of WTGs. In a wind power HVDC transmission system, the wind turbines are connected to the grid through wind converters. It results in the lack of mechanical inertia in the islanded wind power system. Therefore, the high transient overvoltage could occur at the POC of the wind converter during the AC fault recovery at the sending end of HVDC system or AC fault at the receiving end of HVDC system. Comparing with the conventional equipment, such as transformer, the wind converter is sensitive to the overvoltage. In Chinese national standard [2] , it is mentioned that the WTG could disconnect from the grid as soon as the voltage at the POC of the wind converter exceeds 1.2p.u.. The entire power system will collapse due to lack of power if the WTGs are disconnected because of the transient overvoltage exceeding the limit. Therefore, how to reduce the transient overvoltage during the fault and fault recovery period is important issues for an islanded wind power HVDC transmission system.
DC Fault
At the early development stage of VSC HVDC technology, the transmission distance is short and the transmission capacity is small. The DC cable is usually used as the transmission line because of its high reliability. However, with the increase of the transmission capacity and the transmission distance, the overhead line DC system is more and more used because of its economic benefit. In Zhangbei four-terminal VSC HVDC system, the overhead line DC system is used. For overhead lines, the failure rate is much higher than that of the cable system. Normally a temporary DC fault might occur due to the lightning strikes or pollution and it requires the fast fault clearing and back to the normal operation.
In the VSC HVDC system with the popularly used half-bridge MMC topology, the IGBTs of the sub-modules and a reverse diode are connected in parallel. When a DC fault occurs, the IGBT turns off. However, the DC side and the AC side of the HVDC system form a current loop through the reverse diode, as shown in Figure 2 . The AC grid can inject a short circuit current into the DC side through this current loop. Consequently, the DC fault cannot be cleared. Therefore, how to quickly clear the DC fault is one of main challenges in a VSC HVDC system based on the half-bridge MMC topology. 
The Solutions for Large Scale Islanded Onshore Wind Power Transmission via VSC HVDC System High Power Semiconductor Devices
With the technology evolution, the press pack IGBT (PPI) is widely used for large capacity VSC HVDC system and HVDC circuit breakers due to its large current capacity, high reliability and suitable for series connection [3] . The current capacity of the PPI could be increased by connecting a plurality of IGBT chips in parallel and a plurality of diode in anti-parallel. At present, the highest power capacity of PPI in the world is 3600 A/4500V [4] . The breakthrough of IGBT current capacity will help the development of large capacity and high voltage VSC HVDC system.
IGCT, as the representative controllable turn-off thyristor, has the advantages of low on-state voltage drop, high voltage level, and large capacity etc.. However, due to its complex drive circuit, it has not been widely used in power systems. With the development of future technologies, the new controllable turn-off semiconductor devices, with the advantages of simple gate drive circuit(as IGBT) and large capacity (as IGCT), are expected to be implemented into large capacity VSC HVDC systems [5] .
In the future, with the maturity of silicon carbide technology, it will also become an important direction for the development of high voltage and large capacity VSC HVDC systems.
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To reduce the transient overvoltage caused by the AC fault in the islanded wind power HVDC transmission system and realize the HVRT of WTGs, the dynamic DC chopper could be installed on the DC side of the MMC inverter to consume extra power, as shown in Figure 3 . Under different types of faults, the power need to be consumed at the DC side of the MMC inverter is different. Therefore, the modular chopper circuit could be used. By controlling the number of modules that are put into operation, an effective transient overvoltage reduction could be obtained. According to the existing research results [6] , in addition to adding DC chopper, the coordinated control between wind converter and VSC HVDC system should also help to reduce the transient overvoltage in the system. 
DC Fault
The universal half-bridge MMC converter cannot block the fault current. According to the existing research results, DC faults of VSC HVDC system are usually cleared by two methods: one is a HVDC circuit breaker, which directly isolates the fault line and stops the fault current; another is a fault self-clearing converter, which stops the fault current by blocking the converter. Then isolates the fault area by a fast isolation switch. Compared with the AC circuit breakers, the technical difficulty of the HVDC circuit breakers is there is not zero-crossing point in the DC system. Thus, the switch of the circuit breaker must clear the fault under a very high DC short circuit current. The researchers proposed many topologies of the HVDC circuit breaker. From both economic and technical point of view, hybrid HVDC circuit breakers is recommended. As an example, ABB hybrid HVDC circuit breaker [7] topology is shown in Figure 4 . During normal operation, the current flows through the fast mechanical breaker and a load commutation switch of anti-series IGBTs rated to a low voltage. This design results in low on-state losses. In parallel with this is a branch of sub-modules that each contain a varistor. Each sub-module can either bypass or insert its varistor into the current path. An inductor is placed in series with the breaker to limit the rise rate of the fault current. When a fault is detected, the load commutation switch IGBTs are switched off, this commutates the fault current from the main branch into the varistor sub-module branch, allowing the open of the fast disconnector under zero current conditions. With the fault current now in the varistor sub-module branch, the breaker can then control the effective fault impedance by varying the number of varistor sub-modules that are inserted into the fault current path. According to the protection strategy used, the fault current could be eliminated to zero or limited as needed. When the fault current becomes zero, the series circuit breaker is opened and the fault is completely cleared. The overhead lines are used in Zhangbei four-terminal VSC HVDC system and it requires fast clearing of the DC fault. The hybrid HVDC circuit breaker are used in this project [8] . This is the first engineering application of HVDC circuit breaker in the world.
Regarding the fault self-clearing converter, many different converter topologies are proposed and they are mainly divided into two categories. The first type of topology cuts off the DC fault arc by providing a back EMF to the fault current path through the capacitors in the arm of sub-modules. Meantime, the reverse series connected diode of the submodule blocks the fault current after the converter is blocked. A typical representation of this topology is the full bridge MMC sub-module (FBSM), whose topology is shown in Figure 5 [9] . In normal operation, IGBT3 is turned off, IGBT4 is turned on, and the operation states of IGBT1 and IGBT2 are the same as those of the half-bridge MMC sub-module. When a DC fault occurs, the power module is blocked and the module capacitor is in a charging state. A back EMF is provided to the fault current path and the DC fault arc is cut off [10] . The second type of topology is to actively block the path of the short circuit current from the AC side to the DC side, e.g. the Alternative Arm Converter (ACC) topology proposed in [11] , as shown in Figure 6 , the submodules in the AAC could be half bridge or full bridge submodules. 
Conclusion
Combining the characteristics of VSC HVDC technology and the islanded wind power system, the main technical challenges and corresponding solutions for large scale islanded onshore wind power transmission via VSC HVDC system are discussed in this paper.
Based on the existing research status and engineering applications, the main technical challenges and corresponding solutions for large scale islanded onshore wind power transmission via VSC HVDC system (±800 kV/8 GW, overhead line system) are as below: 1) High power semiconductor devices At present, the VSC HVDC valve with highest rated voltage and capacity in the world is ± 800 kV/5 GW, which is under construction in China. No suitable high power semiconductor devices could be used for VSC HVDC system of ± 800 kV/8 GW. The technology of semiconductor devices with higher current capacity needs to be broken. 2) HVRT of WTGs The DC chopper and coordinated control between the WTG and the VSC HVDC system could effectively help the HVRT of the WTG caused by the AC fault.
3) DC fault HVDC circuit breakers and the use of fault self-clearing converters are effective solutions for DC fault clearing in the system.
Except for the high power semiconductor devices, which could be used for ±800 kV/8 GW VSC HVDC systems, other technical challenges have been solved in certain level. However, how to find an economical engineering solution is still need to be further studied.
